Flagellin gene sequences from 64 clinical isolates of the opportunistic pathogen Pseudomonas aeruginosa were amplified by PCR and subjected to RFLP analysis by using seven restriction enzymes to digest the amplified products. Using this approach the isolates were assigned to one of 13 groups. The method was rapid, reproducible and applicable to all isolates. In contrast, serotyping failed to satisfactorily resolve 49% of the strains tested. The vast majority of clinical isolates generated amplified products of 1-02 kb (type a) or 1-25 kb (type b). Electron microscopical analysis revealed evidence for some flagellar structural variation between P. aeruginosa strains. This study provides further evidence that the flagellin gene is a widely applicable and useful genetic marker for studying genetic variation within populations of closely related bacteria.
INTRODUCTION
Pseudomonas aeruginosa is an important opportunistic pathogen, often being associated with high mortality in patients with cancer, burn wounds, organ transplants and cystic fibrosis (CF) (Bodey e t al., 1983) . To identify environmental sources of the pathogen, and to gain an indication of whether transmission of strains has occurred between patients, there is a need for methods to detect, identify and differentiate between pseudomonads that can act as opportunistic pathogens. There have been a number of approaches to typing P. aeruginosa (International Pseudomonas aeruginosa Typing Study Group, 1994; Picard e t nl., 1994; Elaichouni e t al., 1994; Grattard e t a] ., 1994). Serotyping and pyocin typing, often used in combination, are the most widely employed methods, with a commercially available kit (Rougier Biotech) allowing the assignment of a strain to one of 17 0-serotype groups using slide agglutination tests involving monoclonal antibodies. In a major study, other typing methods, including RFLP of total DNA, phage typing and pilin gene typing using gene probes, have been compared with the common methods to assess reproducibility and typeability (International Psezldomonas aeruginosa Typing Study Group, 1994) . The methods differed in both their reproducibility and their capacity to identify unique typing patterns. RFLP of total D N A and pilin gene typing methods were the most reproducible, with RFLP also identifying the largest number of groups. The authors concluded that RFLP of total D N A appears to be the best typing method for P. aeruginosa with rough LPS obtained from patients with CF, whereas LPS serotyping, which is much simpler, is best in other cases. Other DNA-based methods used to differentiate between strains of P. aeruginosa include arbitrarily primed PCR (Elaichouni et al., 1994; Grundmann e t a/., 1994) and ribotyping using different restriction enzymes (Grattard ef al., 1994) . A recent report compared three DNA-based typing techniques and commented favourably on their discriminatory power (Grundmann e t al., 1995) .
Flagella, consisting of flagellin filament, hook and basal body, are responsible in pseudomonads for bacterial motility, which has been implicated as an invasive virulence factor in P. aeruginosa (Drake & Montie, 1988) .
Flagellum filaments are also a source of vaccine for active or passive immunization (Drake & Montie, 1987) . Variation in flagellin size has been reported in P. aeruginosa where two distinct flagellin protein antigenic types are found (Allison e t al., 1985 ; Kelly-Wintenberg & Montie, 1989) . Allison e t al. (1985) compared the sizes of flagellin proteins from a limited number of strains of P. aeruginosa representing the two major groups of flagellar antigen types. Type b strains had flagellins with a molecular mass of 53 kDa. Type a strains were reported as more heterogeneous with molecular masses ranging from 45 kDa to 52 kDa. A type a flagellin gene has been cloned and sequenced (Totten & Lory, 1990 
flagellin genes from two Psetldomonasptltida strains (Paw8 and PRS2000) were cloned and sequenced (Winstanley e t al., 1994) . The P. ptltida Paw8 and PRS2000 flagellin genes share considerable homology with other sequenced flagellin genes at the N-terminal and C-terminal ends, with the closest available relative, P. aertlgzkosa (Totten & Lory, 1990) , showing the greatest homology. Sequence analysis has shown that variation is most apparent in the central region of the flagellin protein. Indeed the antigenic target of a monoclonal antibody that is specific for the flagellin of P. ptltida Paw8 (MLV1; Morgan e t al., 1991) is located in this central variable region (Winstanley e t al., 1994) .
By comparing the flagellin gene sequences of the two P. ptltida strains and the previously published P. aertlginosa strain, it was possible to design oligonucleotide primers specific for N-terminal (CW46) and C-terminal (CW45) conserved regions. Using these primers, the central variable region of the flagellin gene from a number of different species of ribosomal RNA group I pseudomonads (Schleifer, 1994) can be amplified by using PCR (unpublished data). Flagellin gene size, restriction enzyme cutting site polymorphisms and DNA sequencing can then be used to differentiate between strains. In this paper we describe the use of PCR amplification of flagellin genes coupled with RFLP analysis as a method for differentiating between clinical isolates of P. aertlginosa, including a number of isolates from cystic fibrosis patients.
METHODS
Bacterial strains and serotyping. With the exception of the type strain NCIB 8295, the bacterial strains used in this study, listed in Table 1 , are clinical isolates obtained at the Royal Liverpool Hospital. They include 28 strains (names prefixed with K, C or D) isolated from children suffering from cystic fibrosis, urinary tract infection, bacteraemia and meningitis, several of which are mucoid. All strains were identified as P. aeruginosa using the API-NE (BioMtrieux) test. Strains were maintained on nutrient agar and grown at 37 "C. Serotyping was carried out at the Central Public Health Laboratories, Colindale, London. PCR amplification. Oligonucleotide primers CW45 (GGCAGCTGGTTNGCCTG) and CW46 (GGCCTGCAG-ATCNCCAA) were obtained from Genosys (Cambridge). Cells taken from a nutrient agar plate were suspended in sterile distilled water containing 5 mM EDTA and boiled for 5 min. One microlitre of this lysed suspension was used directly in a standard amplification mixture. Amplifications were carried out in 50 pl volumes containing 2 units DynaZyme (Flowgen Instruments), 200 nM of each primer (CW45 and CW46), 1 x DynaZyme buffer and 100 pM nucleotides (dATP, dCTP, dGTP, dTTP). Amplifications were carried out in a Minicycler (Genetic Research Instrumentation) for 30 cycles consisting of 95 OC (40 s), 55 OC (1 min) and 72 O C (2 min), with an additional extension time at 72 "C (10 min) after the 30 cycles were completed. A hot start approach was used, with the lysed suspension (containing target DNA) added last as the other ingredients were held at 94 O C . After amplification, 5 pl samples were subjected to electrophoresis on ;? standard 0-7 % agarose gel to confirm the presence of amplified products.
Restriction digestion of amplified products. Samples (5 pl) of amplified products were digested with the restriction enzymes MboI, TaqI, MspI, HaeIII, CfI, RsaI and Salt using the conditions recommended by the supplier (Life Technologies). These digests were then subjected to electrophoresis on 2-3 % (w/v) Metaphor agarose gels (Flowgen) using PCR Size Marker (AMS Biotechnology) as a standard size marker (fragment sizes: 50, 150, 300, 500,750,1000, 1500 and 2000 bp).
Flagellin protein isolation. Flagellin proteins were isolated by the procedure described by Brett e t al. (1994) , using 15 % (w/v) ammonium sulphate for precipitation of the protein, and analysed on SDS-PAGE gels (10 %, w/v, acrylamide). SDS-6H (Sigma) was used for molecular mass markers.
Glycoprotein detection. After separation of flagellin proteins by SDS-PAGE, glycoprotein detection was carried out both by direct gel staining using Schiff s reagent (Sigma) according to the manufacturer's recommendations, and by using the DIG Glycan Detection kit (Boehringer) on proteins transferred by Western blotting to nitrocellulose filters.
Electron microscopy. Cells were grown overnight on nutrient broth containing 0.3 YO agar No.1 (Oxoid). Formvar-coated copper grids were placed face down on the cell growth and then air-dried. The samples were stained with 1 % (w/v) phosphotungstic acid (pH 6.0) for 1 min, air-dried and observed under a JEOL 11OOCXII transmission electron microscope. For flagella width measurements, the widths of three flagella from one area of a grid were measured three times each. This was repeated in two additional areas of the grid. Mean width and standard error (n = 27) were calculated.
RESULTS AND DISCUSSION
PCR amplification of P. aeruginosa flagellin genes PCR amplification using oligonucleotide primers CW45 and CW46 gave single amplified products from all 64 clinical isolates of P. aertlginosa tested. All but one of the isolates gave products of either 1.02 kb (type a ; 37 isolates) or 1-25 kb (type b ; 26 isolates). Flagellin proteins from representatives of each type were isolated and analysed (Fig. 1) . This confirmed the previous observation (Allison e t al., 1985) that type b strains produce larger flagellin proteins with a molecular mass of approximately 53 kDa whereas type a strains produce smaller flagellins that are more variable in size. Analysis of flagellin gene sequence data from the previously sequenced type a flagellincontaining strain P. aerzlginosa PAK (Totten & Lory, 1990) suggested that this strain would yield an amplified product of 1.02 kb. All the evidence from gene and protein size therefore suggests strongly that type a and type b strains (as previously defined by flagellin protein size) can be differentiated on the basis of PCR-amplified product size. Fig. 2 shows the different restriction patterns obtained from the flagellin gene amplified products of the 64 clinical isolates. Type b isolates could be further divided into four sub-groups (I-IV) by restriction site variation. Type a isolates could be subdivided into eight subgroups (V-XII). Strain K979 exhibited a larger amplified product, thus forming an additional group and making a total of 13 groups in all (Table 1 ). The RFLP types obtained indicate that type a flagellin gene sequences are more variable than type b, an observation which is consistent with the variation found amongst flagellin protein molecular masses. Table 2 summarizes the distribution of the clinical isolates amongst the flagellin gene RFLP groups (I-XIII).
RFLP analysis of flagellin gene amplified products

Comparison with serotyping
A significant proportion of the clinical isolates tested (28 out of 57; 49 %) were either polyagglutinable or nontypable. 0-serotyping of the remaining 29 isolates revealed that representatives of 11 serotype groups were present (Table 1 ). There was no significant correlation between flagellin gene group and serotype group. The most common serotype group, 011 (11 strains), could be subdivided into four sub-groups by flagellin gene variation whilst the most common flagellin gene group, V (1 8 strains), could be subdivided into six sub-groups by serotyping.
The method described in this paper relies on the amplification of flagellin gene sequences from strains of P.
aerzrginosa. Flagellin gene amplified products were obtained from all P. aergginosa isolates screened and the procedure was highly reproducible (100 " 0 ) . The whole process can be completed in 5-6 h and is considerably more effective than serotyping, which leads to inconclusive results for a significant proportion of P. aerzlginosa clinical isolates screened. The method requires relatively simple equipment and procedures, and is rapid and reproducible, although less able to distinguish between strains than some alternative DNA-based methods (Grundmann e t a/., 1994) . It may be best applied in combination with other methods or as an initial screening procedure.
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C. W I N S T A N L E Y a n d O T H E R S
Variation amongst flagellin genes and proteins
Flagellin gene amplified product length separated all but one of the 64 P . aeruginosa isolates into two major homogeneous groups. The homogeneity in flagellin gene size of the two major groups suggests that flagellin protein post-translational modification may be causing the variation in the size of type a flagellin proteins reported previously and observed in this study ( flagellin genes from very different bacterial species are aligned. This suggests that the variation in type a flagellin protein size is unlikely to be due to variation outside the amplified region. Totten & Lory (1990) (1 990, 1993) reported the presence of phosphorylated tyrosines in the flagellin of P. aerzlginosa P A 0 and other strains. However, the size discrepancy between predicted and observed molecular masses is greater than could be accounted for by phosphorylation of tyrosines alone. We investigated the possibility that P. aerzlginosa flagellins may be glycoproteins by direct gel staining and by using the DIG Glycan Detection kit, but found no evidence for this.
The assignment of the vast majority of P. aerzlgimsa isolates into one of two flagellar types resembles the flagellin phase variation exhibited by Salmonella t_ypbi-mzlrizlm, with the important difference that n o switching between flagellin types has been observed in P. aerzlginosa, which contains only one copy of the flagellin gene. There is considerable evidence that the two flagellar types are quite distinct. Restriction digest patterns and preliminary sequence data (unpublished) suggest that the two major flagellin groups of P. aerzlginosa form separate evolutionary groups, thus excluding the possibility that type a flagellin is simply a deleted version of type b flagellin. Type a flagellins also differ from type b in their apparent tendency to undergo post-translational modification, a property which introduces an additional source of variability.
There was no clear correlation amongst type a flagellins between RFLP group and protein molecular mass. It was possible to find members of the same RFLP group that varied in approximate molecular mass between 45 kDa and 50 kDa, which represents the entire range found amongst the type a flagellins analysed in this study. An example of this variation can be seen in Fig, 1 between two strains of RFLP group VII (lanes 5 and 8). In addition, flagellin proteins with similar approximate molecular masses were found in a range of RFLP groups. Any meaningful correlation between D N A sequence variation and protein molecular mass will have to be carried out using complete D N A sequences rather than restriction site variation. (Fig. 3 ). These preliminary electron microscope studies suggest some flagellar structural variation amongst clinical isolates of P. aerzlginosa that merits further investigation. Further sequence data are being collected and analysed to gain an insight into the molecular basis of such structural variation and to assess the mechanism of antigenic diversity among P. aerzlginosa flagellins.
Flagellin gene sequences have been used to study diversity in other bacterial systems. In Escbericbia coli (Schoenhals & Whitfield, 1993) it has been reported that the relative sizes of the conserved N-terminal and conserved Cterminal regions reflect the relatedness of E. coli flagellins. Alignment of the first 190 and the last 100 amino acids was used to study flagellin protein sequence relatedness.
Masten & Joys (1993) sequenced a number of flagellin genes from Salmonella spp. in order to study evolutionary relatedness and identify epitope sites for g antigen flagellins.
In Campylobacter coli and Campylobacter j j m i Alm e t al. (1993) studied RFLPs of amplified flagellin genes to study the genetic diversity among serogroups. The flagellin gene has also been shown to serve as a sensitive and specific target gene for PCR detection of C. coli and C.jejzmi in environmental water samples (Oyofu & Rollins, 1993) . This study further confirms that the flagellin gene is a widely applicable and useful genetic marker for studying genetic variation within populations of closely related bacteria.
